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ABSTRACT 
Mathemat ica l  s imu la t ion  mode ls  for measured  permeab i l i ty  p roper t ies  of axona l  
Na channe ls  po in t  to the presence  of b imo lecu la r ,  as we l l  as net -membrane-  
f ie ld -dependent  in t ramolecu la r ,  react ion  s teps  in channe l  gat ing  react ions .  
An abst rac t  chemica l  react io~ mode l  is p resented ,  wh ich  postu la tes  l igand  
b ind ing  react ions  in both  Na channe l  ac t ivat ion  and subsequent  desens i t i za t ion  
as observed in voltage-clamp experiments. Membrane capacitance currents due to the movement 
of charged  or d ipo la r  gat ing  s t ruc tures  a l so  ind icate  that  the ear ly  phase  of 
the gat ing  charge  movement  is d ic ta ted  by loca l ,  ra ther  than  net -membrane-  
f ie ld -dr iven  react ions ,  and  there fore  re f lec t  energy  input  f rom chemica l  
sources  wh ich  are an in tegra l  par t  of the membrane .  
KEYWORDS 
E lec t rochemica l  gat ing  mode l ;  asymmetr i c  membrane  capac i tance .  
INTRODUCTION 
TWO fundamenta l ly  d i f fe rent  sets  of ideas  dominate  the th ink ing  of workers  
concerned  w i th  ident i fy ing  the molecu la r  events  wh ich  regu la te  the ion ic  
permeab i l i ty  of axona l  membranes .  On the one hand ~s the ~rad i t iona l  e lec t ro -  
phys io log ica l  v iewpo int ,  that  gat ing  dynamics  of Na and K channe ls  are 
dr iven  so le ly  by e lec t rod i f fus ive  processes ,  invo lv ing  the spat ia l  red is t r i -  
but ion  of charged  or d ipo la r  membrane  components  in response  to changes  in 
the net  membrane  e lec t r i c  f ie ld .  Th is  v iew rece ived  s t rong  suppor t  f rom the 
work  of Hodgk in  and Hux ley  (1952) ,  wh ich  demonst ra ted  c lear ly  that  the 
k inet i cs  of Na + and  K + cur rents  respons ib le  for  generat ion  of ac t ion  potent ia ls  
are c r i t i ca l l y  dependent  on the membrane  f ie ld .  
An a l te rnate  and somewhat  more  invo lved  gat ing  concept  was  proposed  by 
Nachmansohn (1953) and la ter  extended by Neumann,  Nachmansohn and Katcha lsky  
(1973) and Neumann (1974) ,  in wh ich  gat ing  of axona l  channe ls  was env is ioned  
to invo lve  a "b iochemica l  cont ro l  cyc le" ,  s imi la r  to the acety lcho l ine -  
regu la ted  permeab i l i ty  sys tem of synapt ic  membranes .  We have  recent ly  ex-  
tended th i s  b iochemica l  mode l  fu r ther ,  in o rder  to bet ter  de f ine  the respec -  
t ive  ro les  and connect ion  between chemica l  and membrane- f ie ld -dr iven  pro -  
cesses  in the case of axona l  Na + channe ls  (Dorog i  and Neumann,  1980) .  
A l though axona l  ion ic  channe ls  have  not  yet  been  pur i f ied  to an extent  
su i tab le  for b iochemica l  ident i f i ca t ion  techn iques ,  e lec t rophys io log ica l  
measurements  of the channe ls  can prov ide  use fu l  in fo rmat ion  as to the nature ,  
even  if not  to the ident i ty ,  of  mo lecu la r  gat ing  components  and events .  Due 
to the po lyphy le t i c  nature  of membrane  sc ience ,  te rmino log ica l  d i f fe rences  
may sh ie ld  the fu l l  mean ing  of e lec t rophys io log ica l  f ind ings  f rom b iochemis ts .  
Cer ta in ly ,  the usua l  fo rmal i sm in wh ich  e lec t rophys io log ica l  data  is expressed  
re f lec ts  a d i f fe rent  way  of th ink ing  and a d i f fe rent  v iew of wh ich  parameters  
are the most  impor tant .  Here  we reca l l  some in teres t ing  proper t ies  of axona l  
membranes ,  determined  f rom vo l tage-c lamp s tud ies ,  wh ich  suggest  the presence  
of chemica l  energy  sources  in the gat ing  mach inery  of axona l  Na + channe ls .  
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L IGANDING REACTION IN SODIUM CHANNEL ACT IVAT ION 
At  res t ,  e lec t r i c  potent ia l  ins ide  the  g iant  axon  of  squ id  is about  -70  mV 
re la t ive  to  the  potent ia l  o f  the  externa l  so lu t ion .  When th i s  vo l tage  
d i f fe rence ,  V, is s tepped to a more  pos i t ive  va lue  in a vo l tage-c lamp exper i -  
ment ,  there  fo l lows  a dramat ic  r i se  in the  membrane 's  Na  + conductance  (gNa) , 
i . e . ,  permeab i l i ty ,  wh ich  is  fo l lowed by  a subsequent  dec l ine  of  gNa back  to 
neg l ig ib le  va lues .  Th is  sequence  of  events  is a l so  assoc ia ted  w i th  a con-  
cur rent  desens i t i za t ion  process ,  so that  Na  + channe ls  a re  aga in  respons ive  to  
fu r ther  depo lar i za t ions  on ly  a f te r  a per iod  of  recovery  at  a more  negat ive  
va lue  of  V. There fore ,  th ree  s ta tes  of  Na  + channe ls  a re  ident i f iab le :  dur ing  
s tep  depo lar i za t ions ,  channe l  gat ing  un i ts  can  be env is ioned to  t rans i t  f rom 
an act ivatab le  s ta te  X a to  a desens i t i zed  s ta te  Xd,  v ia  the  metastab le  Na  +- 
conduct ing  s ta te  Xc;  
Xa-- ~ Xc,-. ~ X (I) 
w i th  
gNa(V , t )~ [Xc(V , t )  ] n, (2) 
where  t denotes  t ime,  square  brackets  re fer  to  concent ra t ion  and  n mode ls  the  
observed  de lay  in the  r i se  of  gNa (V't)  fo l low ing  onset  o f  depo lar i za t ion .  For  
squ id  g iant  axons  n=3 is adequahe (Rawl ings  and  Neumann,  1976)  . A f te r  V is 
re turned  to a more  negat ive  va lue ,  there  fo l lows  a red is t r ibut ion  of  gat ing  
un i ts  away f rom s ta te  X back  to  s ta te  X , but  g remains  zero  dur ing  re -  
covery .  Hence  scheme (~) has  to be mod i f ied  Na in o rder  to cover  sa l ient  
features  of  Na+-channe l  gat ing  behav ior  by  a cyc l i c  th ree  s ta te  mode l ,  
X 
Xa  d s (3) 
which  suggests  membrane- f ie ld -dependent  in t ramolecu lar  t rans i t ions  among three  
gat ing  un i t  s ta tes .  However ,  more  subt le  aspects  o f  gat ing  are  not  exp la in -  
ab le  by  such  a scheme.  
One such  observat ion  concerns  exper iments  des igned to eva luate  the  d is t r i -  
but ion  of  gat ing  un i ts  between the  two s tab le  s ta tes  X and  X , as  a funct ion  
a d of  V. Th is  invo lves  exper iments  in wh ich  gNa is observed  dur lng  a second 
depo lar i za t ion  s tep ,  to a vo l tage  V2,  a f te r  Na  + channe ls  have  been a l lowed to  
"equ i l ib ra te"  at  a less  pos i t ive  vo l tage  V 1 . In such  two-s tep  exper iments ,  
the  quant i ty  of  in teres t  is the  peak  va lue  of  gNa seen  dur ing  the  second 
pu lse ,  gN~ ~(V9)~ as a funct ion  of  V I ,  because  g ,P (V  2) is a re f lec t ion  of  the  
s teady-s ta£e  f rac t ion  of  gat ing  un i ts  in s ta te  ~ at vo l tage  V I . 
In teres t ing  conc lus ions  fo l low when one  compares  the  quant i ty  (gNa,n(V~)  / 
g_  max(v~) ,  where  gN maX(V~)  is the  max imum va lue  of  gNa p(V2)  poss ib le ,  i .e .  
~a ,p  z a ,p  z 
the  peak  gNa observed  when V 1 is very  negat ive ,  fo r  d i f fe rent  va lues  o f  V 2. 
It  is found that  the  ra t io  gm~ o(Vo) /gNa ~aX(V2)  var ies  w i th  V2,  such  that  the  
ra t io  increases  w i th  more  pos i t ive  v2  ~or  a 'xed  al  o f  V . .  On  the  o ther  
hand,  when the  s ix  ra te  constants  of  react ion  mode l  (3) a re  ~ ixed  at va lues  
wh ich  can  mode l  both  gNa r i se  and  fa l l ,  as we l l  as recovery  k inet i cs ,  at  a 
par t i cu la r  va lue  of  V, the  same ra te  constants  a re  unab le  to  mode l  the  ob-  
served  dependence  of  the  normal i zed  peak  ra t io  on  V2,  seen  in the  two-pu lse  
exper iments  (Go ldman,  1975;  Jakobsson ,  1976)  . 
It  has  been po in ted  out  by  Jakobsson  (1973)  , that  mode l l ing  of  th i s  obser -  
vat ion ,  among others  to  be descr ibed  be low,  requ i res  mod i f i ca t ion  of  the  
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depo lar i za t ion  react ion  pathway f rom the fo rm Xa~- -~X~Xd,  so as to inc lude  
an "exc i ted"  s ta te :  the success fu l  mode l  has the fo rm 
X c -$ " Xd %.// 
X a 
(4) 
( Jakobsson ,  1978) The fact  that  the ra t io  gN .n (V2) /g  ~ maX(V~)  inc reases  as 
• a ,  N~,~ 
V 2 becomes  more  pos i t i ve  appears  to requ i re ,  tha£  fo l low ln~ onset  of depo l -  
a r i za t ion ,  the conduct ing  s ta te  X be fed not  on ly  f rom the ac t ivatab le  res -  
t ing  s ta te  Xa, but  a l so  f rom a d i f fe rent  s ta te  X*. Both  Xa ~X c and X* ~X c 
t rans i t ions  wou ld  be dr iven  by depo lar i za t ion ,  but  the X* ~X c react ion  wou ld  
dominate  at nomina l  depo lar i za t ions ,  wh i le  the X a *X c react ion  wou ld  become 
comparab le  on ly  for  la rge  depo lar i za t ions .  
Th is  imp l ies  that  s ta te  X* is " less  s tab le"  than  s ta te  X a dur ing  depo lar i za -  
t ion,  character i z ing  it as an "exc i ted"  s ta te  re la t ive  to X a. However ,  
because  s teady-s ta te  va lues  of gNa are genera l ly  neg l ig ib le ,  s ta te  X* cannot  
be popu la ted  pr io r  to app l i ca t ion  of the depo lar i z ing  step;  fu r thermore ,  its 
popu la t ion  fo l low ing  s tep  depo lar i za t ion  must  be pract i ca l l y  ins tantaneous  
(micro  seconds) ,  because  its k inet i cs  are not  apparent  in the k inet i cs  of 
gNa (100~s t ime range) .  Impor tant ly ,  popu la t ion  of s ta te  X* requ i res  energy  
input  f rom some source  o ther  than  the membrane  f ie ld ,  because  the f ie ld  d r ives  
gat ing  un i t s  away  f rom s ta te  X* to s ta te  X dur ing  depo lar i za t ion .  a 
The s lower  evo lu t ion  of desens i t i za t ion  over  that  of gNa dec l ine  dur ing  de-  
po la r i z ing  pu lses  in some nerve  preparat ions  suggests  that  some gat ing  un i t s  
" fa l l  back"  to s ta te  X a a f te r  a t ta in ing  s ta te  X c. Such  a phenomenon ind i -  
ca tes  that  in some axon  preparat ions  s ta te  Xc, as we l l  as s ta te  X*, is ener -  
get i ca l l y  less  favorab le  than  s ta te  X a dur ing  depo lar i za t ion  ( Jakobsson ,  1978). 
In these  cases  the X a •X*  ,X c pathway wou ld  be to ta l l y  respons ib le  for  
gNa and an energy  source  o ther  than  the membrane  f ie ld  wou ld  be c lear ly  
requ i red .  
The nature  of the suggested  energy  input  mechan ism is ev ident  f rom the above  
arguments .  It has  been  noted  that  [X*] must  r i se  pract i ca l l y  ins tantaneous ly  
fo l low ing  onset  of a depo lar i za t ion  step,  so that  ear ly  va lues  of the ra te  
parameter  descr ib ing  the X a , X* t rans i t ion  must  be very  la rge ;  however ,  the 
ampl i tude  of gNa' and hence  the a t ta ined  va lue  of IX*I, inc reases  progressively 
w i th  inc reas ing  s ize  of the depo lar i za t ion  step,  so that  the s ta te  X a is on ly  
f rac t iona l ly  dep le ted  by the X a ,X* t rans i t ion  for  moderate  pu lse  s izes .  
Th is  requ i res  that  the Xa---~X* react ion  be shor t - l i ved .  S ince  the membrane  
f ie ld  remains  at a constant  va lue  dur ing  depo lar i za t ion  pu lses ,  the membrane  
f ie ld  cannot  be the energy  source  determin ing  the f rac t ion  of gat ing  un i t s  
a t ta in ing  s ta te  X*. It appears  as if the X a • X* react ion  is l im i ted  by the 
shor t - l i ved  ava i lab i l i ty  of some substance ,  wh ich  becomes  ava i lab le  to the 
gat ing  un i t  as a resu l t  of  a depo lar i z ing  sh i f t  in the membrane  f ie ld .  
ELECTRICAL-CHEMICAL  GAT ING MODEL 
These  suggested  proper t ies  of the X a % X* t rans i t ion  lead  one to quest ion  
t rad i t iona l  a t tempts  at parametr i za t ion  of Na+-channe l  gat ing  proper t ies  w i th  
on ly  membrane- f ie ld -dependent  in t ramolecu la r  react ion  s teps .  
The on ly  e lementary  a l te rnat ive  to in t ramolecu la r  representat ions  is a react ion 
mode l  wh ich  a l lows  for  b imo lecu la r  react ion  s teps .  One such mode l ,  wh ich  is 
in qua l i ta t ive  accord  w i th  the above  l i s ted  proper t ies ,  is i l l us t ra ted  in 
F ig.  i. Na+-channe l  gat ing  is shown to invo lve  three  funct iona l ly  d i s t inc t  
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un i ts :  a s torage  un i t  for a smal l  ac t ivator  mo lecu le  (A) , a receptor  un i t  
wh ich  can complex  w i th  A and is the s t ructura l  regu la t ing  unit of the Na + 
channe l ,  and a un i t  E wh ich  can remove A i r revers ib ly  f rom R. 
The overa l l  react ion  sequence  fo l low ing  onset  of a depo lar i z ing  s tep  pu lse  is 
taken  to be as fo l lows .  S torage  un i ts  are postu la ted  to ex is t  in e i ther  h igh  
(S) or low (S') a f f in i ty  s ta tes  for  A, so that  a depo lar i z ing  pu lse  dr ives  
both  S ~-S '  and AS~AS'  equ i l ib r ia  to the r ight .  Ac t ivator  mo lecu les  are  
rap id ly  re leased  f rom s torage  v ia  the react ions  
AS~AS'~ S' + A , (5) 
+ 
a f te r  wh ich  A can b ind  to receptor  un i ts  in s ta te  R. A t ta inment  of the Na - 
conduct ing  s ta te ,  AR' , p roceeds  v ia  the react ion  pathway 
A + R%---~AR~-~--~ AR '  , (6) 
e.g . ,  for  squ id  axons  
gNa ~[AR~ 3 (7) 
Format ion  of AR cor responds  to X* of  react ion  mode l  (4) . The react ion  
A + R--~AR wou ld  be dr iven  by chemica l  a f f in i ty  fo rces ,  ra ther  than  the memb-  
rane  f ie ld .  The  ent i re  sequence  of react ions ,  invo lv ing  act ivator  re lease  
f rom s torage  and  "exc i ta t ion"  of receptor  un i ts  to s ta te  AR, wou ld  be complete  
in t imes  on the order  of mic roseconds ,  wh ich  must  character i ze  the AS~ AS' 
reequ i l ib ra t ion  and the l i fe t ime of f ree A. 
Decay  of ~ is p rompted  by in teract ions  w i th  the membrane f ie ld ,  wh ich  drive 
the react ions  
AR~AR'~AR"  (8) 
to the r ight ,  resu l t ing  in on ly  a t rans ient  appearance  of inc reased  conduc-  
t i v i ty .  In o rder  to adequate ly  s imulate  the ampl i tude  of  gNa at very  la rge  
depo lar i za t ions ,  an a l te rnate  pathway is requ i red .  Th is  pathway wou ld  con-  
t r ibute  on ly  for very  la rge  depo lar i za t ions ,  and  wou ld  represent  t rans i t ions  
invo lv ing  the act ivator - f ree ,  but  conduct ing ,  s ta te  R' (c.f. F ig .  I) 
( Jakobsson ,  persona l  communicat ion)  . Hence ,  the open ing  of Na + channe ls  may 
proceed v ia  two fundamenta l ly  d i f fe rent  and compet i t ive  pathways :  the " ro le"  
of the act ivator  mo lecu le  wou ld  be to induce  s t ructura l  chan~es  in the 
receptor  un i t  wh ich  lead  to a conformat ion  f rom which  the Na -conduct ing  
s ta te  can  be more  eas i ly  a t ta ined .  In th i s  way,  b ind ing  of A is tantamount  
to the "energy  input"  suggested  above .  However ,  in the absence  of  ac t ivator ,  
gat ing  un i ts  can s t i l l  be fo rced  in to  the Na+-conduct ing  s ta te  by a very  la rge  
depo lar i za t ion ,  i .e . ,  the Xa---~ X c and R- -~R ' pathways  of scheme (4) and  Fig.  
I, respect ive ly .  Subsequent  d i scuss ion  w i l l  here  be l im i ted  to the act ivator -  
med ia ted  pathways .  
Dur ing  a su f f i c ient ly  pro longed depo lar i za t ion  (severa l  ms) , most  ac t ivator -  
receptor  complexes  enter  the AR" s ta te ;  AR" is the energet ica l ly  most  favo-  
rab le  s ta te  under  depo lar i za t ion  cond i t ions ,  and  it wou ld  be for  the most  
par t  the sequence  of t rans i t ions  AR~-~AR'~ bAR" wh ich  is re f lec ted  in the 
measured  gNa t rans ient .  
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( ] )  A÷ S~AS 
.o A + S ' ;AS '  
I" 
I 
(~) A + R~AR I II I . -  
A÷  AR'  4,QZ 
U ,1/ 
(~) ,,A + R'~-AR" 
A + E ~EX-- - 'E ,  P 
F ig .  I. Chemica l  react ion  mode l  showing  sequent ia l  t rans loca-  
of  ac t ivator  A f rom react ion  space  I to react ion  
space  3. 
As shown in F ig .  i, receptor  un i ts  in s ta te  AR"  wou ld  tend  to lose  act ivator  
mo lecu les  through an i r revers ib le  remova l  mechan ism.  The  t rans i t ion  to s ta te  
AR"  may phys ica l ly  t rans locate  A f rom a react ion  space  shared  by S' and  R 
un i ts  to a d i s t inc t  react ion  space  access ib le  to the remova l  un i t  E, or the 
AR---%AR' ,AR"  react ion  sequence  may conver t  the receptor  f rom a h igher  to a 
lower  a f f in i ty  fo rm for  A. In the la t te r  case ,  it  is expected  that  the re -  
qu i red  increase  in f ree  energy  at the b ind ing  s i te  is compensated  for  by more  
favorab le  in teract ion  w i th  "the membrane f ie ld  in the  AR" fo rm.  Th is  is in 
agreement  w i th  the observed  membrane- f ie ld  dependence  of  gNa-k inet i cs ,  wh ich  
tend  to be more  rap id  the greater  the  depo lar i za t ion  s tep.  
The  exper imenta l ly  observed  desens i t i za t ion  of  Na  + channe ls  a f te r  p ro longed 
depo lar i za t ion  wou ld  re f lec t  the absence  of  A f rom R due to i ts  remova l  by  
t rans locat ion  or chemica l  consumpt ion .  In the  absence  of  A, recovery  of  the 
act ivatab le  s ta te ,  R, requ i res  a d i f fe rent  react ion  pathway,  R" IR  (c.f .  
F ig .  i), wh ich  e lec t rophys io log ica l  exper iments  wou ld  suggest  to be f ie ld -  
sens i t ive  and s low (ms t ime range) .  
The  proposed e lec t rochemica l  mode l  imp l ies  a second recovery  mechan ism as 
we l l ,  namely ,  rep len ishment  of  the  act ivator  s torage  s ta te  AS. S ince  the 
ident i ty  of  the var ious  gat ing  components  out l ined  here  cannot  be deduced.  
f rom measurements  of  e lec t r i ca l  p roper t ies ,  not ions  as to the ident iy  of  A or 
of  i ts  recovery  (or resynthes is )  sha l l  not  be dwe l t  upon here .  It  is however  
notewor thy ,  that  the  react ion  scheme bears  a c lose  fo rmal  s imi la r i ty  to that  
p roposed for  the acety lcho l ine  permeab i l i ty  sys tem;  cons iderab le  b iochemica l  
ev idence  has  accumulated  wh ich  a l so  po in ts  to the presence  of  cho l inerg ic  
const i tuents  in axon  membranes  (Chester  and  co -workers ,  1979;  see a l so  
Dorog i  and  Neumann,  1980) .  
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EVIDENCE FOR CHEMICAL  ENERGY INPUT FROM 
MEMBRANE CAPACITANCE MEASUREMENTS 
Because  permeab i l i ty  p roper t ies  o f  Na  + channe ls  a re  dramat ica l ly  in f luenced  
by  the  vo l tage  d i f fe rence  between the  two so lu t ions  bath ing  the  membrane ,  some 
of  the  under ly ing  s t ruc tura l  changes  must  invo lve  net  charge  movement  across  
the  membrane ,  and ,  fu r thermore ,  th i s  charge  movement  must  be  asymmetr ic  w i th  
respect  to de -  versus  hyperpo lar i z ing  vo l tage  s teps  re la t ive  to  the  res t ing  
s ta te•  
+ + 
Indeed,  when Na  and  K cur rents  a re  pharmaco log ica l ly  b locked ,  a smal l  but  
character i s t i c  asymmetr ic  capac i ta t ive  charge  movement  can  be  reso lved .  I t  
has  been  determined  w i th  reasonab le  cer ta in ty  that  a la rge  par t  o f  th i s  charge  + 
movement  is  due  to Na  channe l  ac t ivat ion  processes  and  th i s  capac i ta t ive  
t rans ient  has  been  labe l led  "gat ing  cur rent"  (I ) (Armst rong  and  Bezan i l l a ,  
1977) .  g 
The  to ta l  asymmetr ic  capac i ta t ive  membrane  cur rent  measured  for  squ id  g iant  
axon  is response  to a la rge  depo lar i z ing  pu lse  is shown fo r  two  cases  by  
so l id  curves  in F ig .  2, showing  the  cases  when Na  + channe ls  a re  ac t ivatab le  
( la rger  to ta l  charge  movement )  and  a f te r  Na  + channe ls  a re  complete ly  inact i -  
va ted  by  a preced ing  depo lar i za t ion  (smal le r  to ta l  charge  movement ) ,  respec-  
t i ve ly .  The  dashed l ine  descr ibes  the  subt ract  o f  the  two  exper imenta l  curves  
and  wou ld  presumably  represent  the  ac tua l  cont r ibut ion  o f  gat ing  events ,  i .e . ,  
I g 
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F ig .  2. So l id  curves  are  asymmetr ic  capac i ta t ive  cur rents ,  
I ( t )  , fo r  ac t ive  and  inact ive  Na  + channe l  cases ;  taken 
f rom F ig .  10 of  Armst rong  and  G i l l y  (1979)  • Dashed 
curve  shows  d i f fe rence  of  the  two  exper imenta l  curves: 
the  presumed act ivat ion  gat ing  cur rent•  
K inet i cs  o f  the  dec l in ing  phase  of  I have  a l ready  been noted  to suggest  that  
much of  I re f lec ts  charge  movement  ~nvo lved  in the  re lease  o f  e lect ros ta t i c  g 
energy  bu l l t  up  immediate ly  fo l low ing  depo lar i za t ion  ( in the  f i r s t  iOO ~s) 
(Dorog i  and  Neumann,  1978)  : th i s  energy  bu i ldup  wou ld  have  to  be par t  o f  a 
rap id  overa l l  react ion  wh ich  e f fec ts  a net  reduct ion  of  energy .  I t  is there -  
fo re  a l so  ext remely  in teres t ing  that  the  ear ly  par t  o f  Ig, taken  as the  dashed 
curve  in F ig .  2, re f lec ts  charge  movement  in a d i rec t ion  oppos i te  to the  
d i rec t ion  of  the  la ter  charge  movement .  
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Such behav ior  is descr ibab le  w i th  the  above-descr ibed  chemica l  mode l :  if the 
la ter  va lues  of  Ig, above  the hor i zonta l  ax is  in F ig.  2, re f lec t  p r inc ipa l ly  
the AR~----~AR'~--~AR ' react ion  s teps  dr iven  by  the  membrane f ie ld  fo l low ing  s tep  
depo lar i za t ion ,  then  ear ly  va lues  of  Ig, be low the ax is ,  must  re f lec t  charge  
movement  in the oppos i te  d i rec t ion  and hence ,  th i s  movement  must  be unfa -  
vorab le  w i th  respect  to the membrane f ie ld .  The  ear ly  charge  movement  may be 
a re f lec t ion  of  energy  input  f rom a chemica l  source  soon  a f te r  onset  of  a 
depo lar i za t ion  s tep,  mode l led  here  by  the A + R--~AR react ion .  
CONCLUSION 
+ 
Abst ract  k inet i c  mode ls  wh ich  are  des igned for  s imulat ion  of axona l  Na - 
channe l  permeab i l i ty  character i s t i cs  appear  to requ i re  b imo lecu lar  react ion  
s teps ,  i .e . ,  react ions  l im i ted  by the  concent ra t ions  of  two reactants ,  not  
jus t  membrane- f ie ld -dr iven  in t ramolecu lar  react ions .  In turn ,  th i s  suggests  
that  gat ing  of  Na + channe ls  may invo lve  l igand b ind ing  to membrane macromolecules 
as o r ig ina l ly  p roposed by Nachmansohn (1955) . 
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